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Summary 
 
A series of fluorene homopolymers with alkyl side chains, poly(9,9-dialkylfluorene)s 
have been synthesized utilizing FeCl3 as an oxidizing agent. These polymers are 
soluble in common solvents such as chloroform, hexane and tetrahydrofuran. The 
polymers have moderate number-average molecular weight from 7058 to 8758. The 
polymers exhibit good thermal stability with the onset decomposition temperature at 
about 320 in air and 390 ºC in nitrogenrespectively. The glass transition temperature 
is found to decrease with the increase of the alkyl chain length. The polymers in their 
CHCl3 solution are fluorescent with blue-light emissions observable to the naked eye.  
 
A series of novel fluorene copolymers containing hydroxyl groups in their side-chains 
have also been prepared by chemical oxidation using FeCl3 as an oxidizing agent. The 
copolymers have been characterized by FTIR, 1H and 13C NMR, UV-Vis, PL, GPC, 
TG and MDSC. The copolymers show good thermal stability and heat resistance. 
They are soluble in common organic solvents such as chloroform, hexane and 
tetrahydrofuran. The number-average molecular weights of the copolymers range 
from 5764 to 7462. The polymers are fluorescent with blue-light emissions in their 
CHCl3 solution whilst emitting green light in solid state upon UV excitation. Single 
glass transition was observed for each copolymer and the glass transition temperatures 
of the copolymers decreased from 98.7 to 24.2 ºC with the increase of the alkyl side 
chain length. Owing to the reactivity of the?-hydroxyalkyl side chains, the series of 
copolymers are suitable for preparing polymer/inorganic composites with modified 
optical and mechanical properties. 
 
  xi 
Moreover, a series of fluorene copolymer/SiO2 nanocomposites have been prepared 
by the sol-gel method. The density of the SiO2 nanoparticle in composites increases 
with the SiO2 content while the size remains about 100~200 nm. The 
photoluminescence intensity of the nanocomposite system has been increased with 
increasing the SiO2 content. Furthermore, the relative intensity of the peaks in the 
photoluminescence spectrum has been changed with the incorporation of SiO2 






1.1 Conjugated conducting polymers 
 
Polymers are mostly used as insulators in electrical and electronic applications mainly 
due to the intrinsic property of covalent bonding present in most plastics and rubbers. 
These polymers with localized electrons are incapable of providing electrons as 
charge carriers or pathways for charge carriers to move along the polymer chain. 
However, polymers are widely exploited because their special characteristics such as 
low density, mechanical strength, ease of fabrication, flexibility in design, stability, 
resistance to corrosion and low cost. The promise of combining these properties with 
electrical properties has prompted great interest in conducting polymers in the last 
three decades and it is clear now that polymer and electrical conductivity are no 
longer mutually exclusive.  
 
The modern era of conducting polymers began at the end of 1970s when Heeger and 
MacDiarmid discovered that polyacetylene (PA), synthesized by Shirakawa’s 
method1 , could undergo a 12 order of magnitude increase of conductivity upon 
charge-transfer oxidative doping2. The essential structural characteristic of conducting 
polymers is their conjugated pi system extending over a large number of recurrent 
monomer units. This characteristic feature results in low-dimensional materials with a 
high anisotropy of conductivity that is higher along the chain direction. PA is the 
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simplest model of this class of materials and shows very high conductivity (1 000 
S/cm) upon doping.3 
 
Poly(heterocycle) can be viewed as a sp2px carbon chain in which the structure is 
analogous to that of cis PA4. An important step in the development of conjugated 
poly(heterocycles) occurred in 1979 when it was shown that highly conducting and 
homogeneous freestanding films of polypyrrole (PPy) could be produced by oxidative 
electropolymerization from pyrrole.5 
 
In the early 1980s, a lot of studies were devoted to electropolymerized PPy5, 
polythiophene (PT)4, polyaniline (PAn)6, polyfluorene (PF)7, and so forth. Indeed, the 
electropolymerization technique has the advantage of being able to prepare thin films 
of these infusible and insoluble conjugated polymers in one step. However, the 
ultimate goal was still the development of polymeric materials that combine the 
electronic properties of metals and semiconductors with the processing advantages 
and mechanical properties of traditional polymers. The first studies on such 
processable and conducting polymers based on substituted polyacetylenes and 
polyanilines failed because the presence of bulky substituents force a twisting of the 
backbone that leads to processable but poorly conjugated materials with reduced 
electrical properties.8 Nevertheless, some researchers have been more successful with 
polythiophene derivatives and a major breakthrough has occurred with the synthesis 
of processable and conducting (10~100 S/cm) poly(3-alkylthiophene)s (PATs). 9 
These reports were rapidly followed by the development of poly(9,9-




The typical conducting polymers, such as PT13 ,14 ,15 , PAn16 ,17 , poly(p-phenylene) 
(PPP) 18 , 19 , 20 , PF 21 , polyquinolines 22 , polyselenophene 23 , polyazulene 24 , 
polyphthalocyanines25 and their derivatives have been studied widely in the past two 
decades. Their higher environmental stability 26 , optical properties 27 , 28  and their 
structure versatility allow the modulation of their electronic and electrochemical 
properties 29 , 30  by the manipulation of the monomer structure. Some common 
conjugated polymers’ chemical structures are shown in Scheme 1.1. 
 
Scheme 1.1. Chemical Structures of Some Common Conjugated Polymers 
 
 
After 20 years of progress, these unusual polymeric materials can now be used as 
transparent antistatic coating, electromagnetic shielding, superconductors, modified 
electrodes, electrochromic windows, supercapacitors, transistors, light-emitting 
diodes, lasers, conducting photoresists, photovoltaic cells, biosensors, and so forth.3,31 
The significance of this class of polymers was recently highlighted by the awarding of 
the 2000 Nobel Prize in Chemistry to H. Shirakawa, A. G. MacDiarmid, and A. J. 








1.2 Fluorene based polymers 
 
1.2.1 General introduction 
 
Among the processable conducting polymers, poly(9,9-dialkylfluorene)s have 
recently received a lot of attention that can be attributed to one major issue: the 
possibility that they could be used to develop all plastic, full-color, light-emitting 
diodes. An important driving force for this research is the dream of building ultra-thin 
and flexible screens for computers and televisions. 
 
The basic structure of a polymeric light-emitting diode consists of a positive hole-
injecting electrode (usually transparent) with a high work function such as In-SnO2 
(ITO) or a conducting polymer, a negative electron-injecting electrode with a low 
work function such as Al, In, Mg, or Ca, and the light-emitting polymer film 
sandwiched between these two electrodes (Scheme 1.2). 
Scheme 1.2. A Schematic of A Polymeric Light-emitting Diode 
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In this layered structure the injected holes and electrons migrate across the polymer 
layer and combine to form excitons, which then decay with photon emission. 
Depending upon the chemical structure of the emissive polymer, different colors can 
be obtained. The first experiments were carried out by Burroughes et al.32 using PPVs 
that emitted green light, while polyfluorene derivatives (Scheme 1.3) were quickly 
investigated in such electrooptical devices by Ohmori et al. 33 . Fluorene based 
polymers are a particularly suitable class of materials because they contain a rigid 
biphenyl unit, which leads to a large band gap with efficient blue emission, and the 
facile substitution at the remote C-9 position provides the possibility of improving the 
solubility and processability of the polymers without significantly increasing the 
steric interactions in the polymer backbone. The first few experiments on diodes that 
emitted blue light were carried out with oxidatively prepared fluorene based 
polymers.  
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1.2.2.1 Chemical oxidation 
In 1993, soluble polyfluorene derivatives, poly(9-alkylfluorene)s and poly(9,9-
dialkylfluorene)s, synthesized by chemical polymerization utilizing FeCl3 as an 
oxidizing agent were reported (Scheme 1.4). 34  These polymers showed unique 
electrical and optical properties. The results indicated that the monomeric units were 
mainly linked in the 2,7’-fashion to yield the straight chain polymer. Later, FeCl3 was 
also used to prepare water-soluble polyfluorene35. 
 











Chemical oxidative polymerization of fluorene derivatives with ferric chloride 
represents one of the most facile methods for laboratory scale preparation of 
polyfluorene36. The oxidizing ability of the iron (III) ion is strong enough to oxidize 
the fluorene molecule to the radical cation. Proton abstraction of the radical cation 
generates more stable radicals that react with neutral molecules to form oligomers, 
and subsequent polymers. In this process, FeCl3 is needed in twice the stoichiometric 
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proportion. The high molecular weight polymer has poor solubility, and it is difficult 
to melt-process or mix the polymeric materials obtained with other polymers in the 
molten state. Another problem is that there are always minute amounts of iron 
impurities in the product, which will reduce the thermal stability of polymers. 
 
1.2.2.2 Organometallic polycondensation 
Attempting to bring more reliable synthetic procedures to the field of electronic 
materials, a variety of synthetic methods (Yamamoto, Stille, Suzuki couplings, etc.) 
using organometal as catalyst have been utilized and these methods allowed 
significant advances in this research field.  
 
One of the most useful methods of organometallic polycondensation is the nickel-
catalyzed dehalogenation polycondensation of dihaloaromatic compounds. 37 
Investigations by Pei and Yang on nickel-catalyzed Yamamoto couplings of 2,7-
dibromo-9,9-disubstituted fluorenes [Scheme 1.5(A)] led to the synthesis of well-
defined, highly conjugated, and processable poly[2,7-(9,9-dialkylfluorene)]s.38  The 
first report on regioregular poly[2,7-(9,9-dialkylfluorene)]s was rapidly followed by 
investigations on the polymerization of well-defined fluorene-containing conjugated 
polymers using palladium-catalyzed Suzuki coupling reactions between 2,7-








Scheme 1.5. Schematics of the polymerization of fluorenes from (A) Yamamoto, (B) 




























































The Suzuki-type coupling provides polyfluorenes with a maximum Mn of several 10 
000 and the Yamamoto-type coupling can lead to very high molecular weight 
polyfluorenes with a Mn of up to 200 000 (Pn up to 500).40 The main prerequisite for 
getting such high molecular weight is, however, the use of carefully purified 
monomers and the application of optimized reaction conditions. On the lab scale (up 
to 10 g batch), the application of Ni(COD)2 as a reductive transition metal-based 
coupling agent is very favorable. 
 
As is usual in polymer chemistry, the preparation of random copolymers and 
alternating copolymers perturbs short- and long-range organization in the materials. A 
variety of copolymers derived from 2,7-fluorenes have been reported recently and 
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tested in different electrooptical devices.39, 41, 42 Many copolymers were obtained from 
Yamamoto [Scheme 1.5(A)], Suzuki [Scheme 1.5(B)], or Stille [Scheme 1.5(C)] 
coupling reaction. In most cases excimer formation was suppressed and a fairly good 
correspondence was observed between solution and solid-state fluorescence spectra 
(usually, a slight red shift is observed in the solid state that is due to an extended 
conjugation length). In addition, the development of such copolymers permitted the 
preparation of a variety of fluorene-containing copolymers that emit colors spanning 
the entire visible range (red, green, blue). In many cases luminance between 100 and 
10 000 cd/m2 was obtained at only few volts. Clearly, polyfluorenes have been 
regarded as one of the most promising classes of electroluminescent polymers. 
 
1.2.2.3 Electrochemical synthesis 
Electrochemical synthesis of polyfluorene was first reported by Rault-Berthelot and 
laid the foundation of the discovery that poly(9,9-disubstituted fluorene)s exhibited 
reversible p-doped, neutral, and n-doped redox states43.  
 
About 20 different polyfluorenes have been synthesized so far.44 The electrochemical 
behavior of such polymers has been described as well as their application as electrode 
modifiers or electrochromic materials.45 On the other hand, the anodic oxidation of 
difluorenyls linked with polyether or alkyl spacers has been performed and described 
as leading to specific polyfluorenes possessing affinity towards K+, Na+, or Cs+.46 
More recently, the anodic oxidation of poly(pyrrol-fluorene) has been performed; 
which produces two types of polymer depending on the polymerization potential: 
either  a non-electroactive polymer or an electroactive polypyrrole bearing a fluorene-
ether pendant group. Furthermore, a subsequent soft oxidation of this material in the 
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absence of monomer leads to the polymerization of the fluorenic unit and the 
formation of an electroactive poly(pyrrol-fluorene) polymer47. 
 
The mechanism of electrochemical polymerization of polyfluorene 48  by anodic 
coupling is analogous to the well-known coupling of aromatic compounds. Another 
mechanism involving a radical attack on neutral monomer has also been proposed49. 
This mechanism is similar to the mechanism proposed for the oxidation of PATs by 
FeCl3. 
 
1.2.3 Properties  
 
Poly(9,9-dialkylfluorene)s with alkyl side-chains containing more than 6 carbons are 
highly soluble in various organic solvents. They do not precipitate during 
polymerization. The length and structure of the alkyl substituents do not significantly 
vary the optical and electronic properties of the polyfluorenes in dilute solution26, 
which indicates a negligible influence of the alkyl side-chains on the electronic 
interaction between adjacent fluorine units. This is a consequence of the very 
favorable C-9 position of alkyl-substitution in poly(9,9-dialkylfluorene), which is far 
away from the aryl-aryl-coupled C-2 and C-7 positions. However, the structure of the 
alkyl side-chains strongly influences the solid-state packing of the polymers; 
especially n-alkyl derivatives display a unique aggregation behavior in the condensed 
phase. This special solid-state packing can be suppressed in branched alkyl chain 
substituted polyfluorene derivatives, i.e., their solid-state properties do not differ 
significantly from their single molecule (solution) properties. Increasing the alkyl 
chain length, the Tg-value is reduced gradually.50 
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Optical and electrochemical sensors have become another important research topic for 
conjugated polymers. For instance, some neutral conjugated polymers can undergo 
striking color changes upon exposure to various external stimuli. These optical 
changes are generally related to a conformational transition of the polymer backbone 
from a planar to non-planar form, which is triggered by adequately functionalized and 
field-responsive side chains. In addition to optical transitions induced by heating 
(thermochromism) or solvent quality changes (solvatochromism), novel phenomena 
have been generated including the detection of ions (ionochromism), UV radiation 
(dual photochromism), and molecular recognition of chemical or biological moieties 
(affinity chromism).51 
 
Some polyfluorene derivatives exhibit interesting thermochromic and solvatochromic 
properties.52 The fluorescence is also affected by these modifications. However, up to 
now it has been difficult to distinguish between a conformational transition of the 
backbone and simple interchain (excitonic) interactions. A careful investigation of 
well-defined oligomers in different environments could determine the relative 
contribution of conformational versus excitonic effects. As with polydiacetylenes, 
polysilanes, and polythiophenes, appropriate functionalization of the C-9 position in 
polyfluorenes could lead to a variety of specific chemical and biochemical sensors.47  
 
1.3 Light emitting polymer composites 
 
Although much progress has been made in preparation of the conjugated polymers, 
the optical and electronic properties of these polymers still have to be improved. A 
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feasible way to improve them is to combine polymers with inorganic nanoparticles. 
The work began in 1994 by Colvin and coworkers 53 . They reported that PPV 
combined with CdSe nanoparticles was used to the manufacture of LEDs. Gao et al. 
followed the research work and demonstrated incorporation of CdSe nanoparticles 
into PPV to make white light emitters. 54  Gao et al. also prepared CdSe/PPV 
composite films from water-soluble precursors of PPV and CdSe nano-colloidal 
particles using a self-assembly deposition method.55 Stable white light emission was 
observed in electro-luminescence from a device with a turn on voltage below 5 V. 
 
When the inorganic nanoparticles are used as an emitting layer with an 
organic/inorganic hybrid device, the following features can be expected: 1) Due to 
quantum confinement, the emission wavelength can easily be tuned by changing the 
particles size. The chemical properties of the particles, and thus the process of device 
fabrication, remain unaltered. 2) Various polymers may be used to optimize the 
transport properties of electrons and holes, respectively. 3) The chemical stability and 
fluorescence efficiencies of semiconductor nanoparticles are demonstrated to reach 
the value of the well-known laser dyes, such as Rhodamine 6G56.  
 
More recently, TiO2 or SiO2 nanoparticles/PPV composites have received 
considerable attention. Hide and coworkers 57  reported laser emission from the 
solutions and films containing TiO2 nanocrystals and poly[2-methoxy-5-(2’-
ethylhexyloxy)-1,4-phenylene-vinylene] (MEH-PPV) under pulsed optical excitation. 
Carter et al. demonstrated that mixing TiO2/SiO2 nanoparticles into MEH-PPV 
increased current densities, radiances, and power efficiencies in polymer light 
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emitting diode devices.58 They achieved radiances of 10 000 cd/m2 with external 
quantum efficiencies ~1% for SiO2 nanoparticle/MEH-PPV composite. The 
composite films can be used to prepare exceptionally bright and power efficient 
polymeric light emitting diodes (PLEDs). However, improvements are still needed in 
the device lifetime and homogeneity of light output for these materials to be 
commercially viable.  
 
It has been seen that incorporating TiO2 nanoparticles into PPV could improve 
photovoltaic efficiency59. Therefore, it has been of considerable interest to study the 
effects of inorganic nanoparticles on the optical and electronic properties of PPV. 
Young et al. studied MEH-PPV/TiO2 composite films with various sizes of TiO2 
nanoparticles from 7 to 23 nm and investigated their electro-luminescent 
characteristics, where the device structure of ITO/nanoparticle dispersed MEH-
PPV/Alq3/Li:Al was used.60 It has been found that the luminance efficiency increases 
when the particle size increase. In comparison with single polymer device, the 
brightness and luminescence efficiency of multi-layer device improved five times 
under 9 V dc.  
 
Generally it has been thought that these nanoparticles can act as charge carriers or 
electro-optically active centers to impact on the optical and electronic properties of 
PPV.61 Yet, very little is known about the effect of the microenvironment of inorganic 
matrix upon the optical property of PPV in the early period of the study. Recently, 
Zhang and coworkers have studied the optical properties of PPV/TiO2 
nanocomposites.62 The composites were prepared from mixtures of PPV precursor 
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and titanium butoxide ethanol solution in a sol
¯
gel process. They have found that 
TiO2 matrix can form confined environments to control PPV molecular aggregate 
states and further affect the optical property of PPV. 
 
Photo-induced charge separation and recombination at interfaces between 
components of inter-distributed materials has also been a focus of interest in 
fundamental studies. Notable examples of such systems include PPV/C60 system63 
and PPV/CdSe nanocrystal composite64. In each of these systems, light absorption in 
one phase is followed by efficient and rapid charge separation due to the proximity of 
a second phase capable of separating the charge and collection is possible due to 
continuous paths in each phase for collection of the electrons and holes at electrode 
contacts. The presence of a charge-separating interface within nanometers of the 
excitation location minimizes excitation energy loss due to radiative or non-radiative 
processes. In conjugated polymers, for example, typical diffusion lengths of singlet 
excitons are limited to 5
¯
15 nm and exciton decays occur with time constants in the 
range of 100
¯
1000 ps65. Salafsky66 demonstrated that in a nanocrystalline TiO2/PPV 
composite, excitons photo-generated in the polymer could be dissociated at the 
interface between the components, with electrons transferred to the nanocrystals. This 
and the subsequent recombination have been shown using a time-resolved microwave 
conductivity technique. 
 
Manganese oxide (MnO2) 67 , gallium phosphide (GaP) 68  have also been used to 






Photoluminescence is the emission of light by a molecule, which has absorbed radiant 
energy; the radiation is emitted at a longer wavelength than the incident absorbed 
energy. Scheme 1.6 illustrates absorption from the ground state to various 
vibrationally excited states of the upper electronic level on the left.  
 
Scheme 1.6. Jablonski Diagram 
 
Such a schematic representation of the energy levels and photophysical processes that 
can occur in the excited molecule is commonly called a Jablonski diagram. In this 
diagram, the vertical direction corresponds to increasing energy; the horizontal 
direction has no physical significance. The electronic state are represented by thicker 
horizontal lines; the symbols S0, S1 and S2 represent the ground state, the first and the 
second excited states (electron spins paired) respectively, and T1 and T2 represent the 
triplet states (electron spins unpaired). 
 
The physical de-excitation ways are usually classified into three broad categories: 
radiative, nonradiative and quenching processes. A molecule undergoing a vertical 
transition upon excitation can arrive in the excited state with an internuclear distance 
considerably different from that corresponding to the minimum energy for the state. 
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In moving back to the equilibrium nuclear distance, the molecule finds itself a few 
vibrational levels higher than its minimum energy. The excess energy can be 
dissipated via bimolecular collisions with solvent molecules. The process is called 
vibrational relaxation (VR). The excited molecule can also undergo other transitions, 
such as internal conversion (IC) and intersystem crossing (ISC).  
 
The tendency to re-emit radiation on returning to the ground state is the most 
interesting of properties for the electronically excited molecules. The emission 
processes include two different types: fluorescence and phosphorescence. 
Fluorescence is the radiative emission from an excited state of the same spin 
multiplicity to the lower state in the transition (usually the ground state). Excitation to 
the S1 state of an organic molecule might therefore be followed by the emission of 
fluorescence accompanying the S1 to S0 transition. Since there is no charge of spin 
multiplicity, the transition is spin-allowed. In the absence of other factors that might 
make the transition a forbidden one, fluorescence is strongly allowed with the result 
that it occurs on relatively fast timescales. Typical timescales range from picosecond 
(10-12 s) to microsecond (10-6 s).  
 
ISC results in the formation of T1, which can emit phosphorescence upon returning to 
the S0 state. Phosphorescence is less intense than fluorescence and its timescales lie in 
the range of microseconds to seconds, which is sufficiently sensitive to the human 
eye. 
 
1.5 Application for the conjugated polymers  
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1.5.1 Electroluminescent device 
 
Electroluminescent phenomenon from organic compounds was first demonstrated in 
the early sixties by Pope et al and Helfrich et al69.  In 1990, a Cambridge group32  
reported that conjugated polymers were utilized as the active materials for 
electroluminescence under relatively low driving voltages. Subsequently, further 
interests in polymer-based LEDs were spurred by the reports of Ohmori33 et al., 
Byaun and Heeger 70  as well as Gustaffason 71  et al. on facile device fabrication 
processes using soluble conjugated polymers. 
 
Visible red-orange PAT and blue poly(para-phenylene) electroluminescent diodes can 
be successfully fabricated. The diodes consist of thin polymer films sandwiched 
between ITO and Mg alloy electrodes. The emission intensity of PAT diodes is 
stronger with longer alkyl side chain lengths. 
 
Recently, research works on the application of alternating copolymers containing 
thienylene and functionalised phenylene units were also reported72,73. In addition, 
interest in the properties of electroluminescent diodes has generated interest in the 
photoconductive and photovoltaic response of conjugated polymers. Reising and 
coworkers74,75 were the first to report the photovoltaic response of devices that also 
functioned as LEDs. Results for diodes fabricated as the single layer structures have 
been reported by several groups76,77. 
 
1.5.2 Electrochromic device 
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The reversible changes to the visible absorption spectra caused by electrochemical 
redox processes, so-called “electrochromism” can be used for electrochromic displays 
and windows78 , 79 , 80 . When a multicolor electrochromic device is constructed by 
combination of different species of electrohromic conducting polymers, an 
electrochromic-conducting polymer is often combined with a second electrochromic 
polymer showing a different specific color at a quite different operation potential. By 
combining an electrically conductive polymer prepared by spin coating from solution 
with a solid polymer electrolyte and a metal oxide, a solid-state electrochromic device 
is constructed. The major advantage of using conducting polymer for electrochromic 
application lies in the fact that subtle modifications to the monomer can significantly 




The doped polymers release energy through the discharge or dedoping process, thus 
one of the electrochemical applications of conducting polymers is their use in the 
storage of electrical energy or battery. 81 , 82  Primary and secondary cells were 
constructed using chemically or electrochemically prepared PTs as cathodes, the latter 
leading to better performance83,84, 85 . A high capacity and long cycle life can be 
achieved in lithium batteries with cathodes composed of a composite of poly(3-
methylthiophene) (PMT) or poly(3-hexhylthiophene) (PHT), and graphite. 86 
Poly(thienylene vinylene) shows reversible doping-dedoping behavior and excellent 
charge-discharge characteristics such as a Coulombic efficiency higher than 99% and 
a stable electrode potential even under a high charge-discharge current, and can be 





Polythiophenes as chemical and biological sensors have been widely investigated. 
Poly(3-methylthiophene) was suggested as a sensor for oxidizing ions in aqueous 
solution.88 Gas sensitivity of polythiophenes have been applied to air, water vapor, 
ammonia and organic volatile.89,90,91 Polythiophenes are also used as chemical sensors 
for some biological moleculars.92,93 The covalent immobilization of an enzyme on the 
surface of polythiophene film is an interesting way to produce enzymatic electrodes 
(biosensors)94,95. 
 
1.5.5 Other applications 
 
Other applications of conjugated polymers include: nonlinear optical materials96 , 
field-effect transistors97, coating materials98,99, electrochemical capacitor100, etc. 
 
1.6 Scope of the study 
 
In light of the above review, polyfluorenes are especially attractive as they are 
chemically and thermally stable and blue-emitting materials. More important, they 
exhibit good charge transporting property and have high quantum yield. While some 
papers have claimed that blending poly(phenylenevinylene)s with SiO2 or TiO2 
nanoparticles could increase current densities, radiance, and power efficiencies in 
PLED, only limited work has been reported on the properties and performance of 
polyfluorenes/SiO2 composites so far. Based on these, in order to produce new 
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fluorescent materials, this project engages in the preparation and properties study of 
polyfluorenes/SiO2 nanocomposites. 
 
The major objectives of this thesis are:  
 
1. Synthesis and characterization of soluble fluorene polymers; 
2. Synthesis and characterization of a series of novel fluorene copolymers with?-
hydroxyalkyl functional group that are suitable for preparing composites; 
3. Developing fluorescent nanocomposites of the fluorene copolymer/SiO2 and 
examining the optical and thermal properties of the nanocomposites. 
 
In chapter 2, a series of soluble fluorene homopolymers have been synthesized and 
their properties have been studied for comparison with novel fluorene copolymers 
prepared in chapter 3 and with nanocomposite materials produced in chapter 4. In 
chapter 3, a series of novel fluorene copolymers incorporating 9,9-dihexylfluorene 
and 9-methyl-9-(4-hydroxybutyl)fluorene have been synthesized. The copolymers 
with?-hydroxyalkyl side chains are suitable for post-polymerization treatment to 
afford nanocomposite materials. In addition, a novel nanocomposites of the fluorene 
copolymer/SiO2 nanoparticles have been prepared and their properties of UV 
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Chapter 2 






Conjugated polymers possess interesting electronic and optical properties due to their 
unique delocalized pi-electron systems. These properties are being explored for 
practical applications in electronic and opto-electronic devices, such as electro-
luminescent devices 1  and rechargeable batteries 2 , 3 . However, un-substituted 
conjugated polymers are insoluble and infusible. This is a significant disadvantage in 
their characterization and technological applications. The breakthrough comes with 
the incorporating of long flexible side chains to the conjugated backbone. 
Polythiophene and its 3-substituted derivatives constitute one family of this kind of 
polymer, in which the substituents can be alkyl (R)4,5, alkyloxy (OR)6, alkylthio (SR)7, 
alkanesulfonic acid (RSO3H)8, aromatic9 groups etc.  
 
At the same time, in the field of conjugated polymers, polyfluorene and its derivatives 
continue to receive considerable attention due to their outstanding physical and 
chemical properties.10 This group is known for its exceptional thermal stability in the 
neutral state, its resistance to environmental oxidation and irradiation.11 The facile 
substitution at the remote C-9 position provides the possibility of improving the 
solubility and processability of polymers without significantly increasing the steric 
interactions in the polymer backbone. Polyfluorenes with C6 or higher substituents at 
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C-9 are all soluble in common organic solvents such as tetrahydrofuran, acromatic 
hydrocarbons and chlorinated hydrocarbons.12, 13 Fluorene derivatives have also been 
utilized to prepare copolymers with better optical and electronic properties compared 
with the homopolymers.14, 15 
 
Although poly(9,9-dialkylfluorene)s have been synthesized successfully by chemical 
oxidation, the properties of the homopolymers have not been reported completely.12 
In this work, we prepared and characterized the homopolymers of fluorene derivatives 
including poly(9,9-dihexylfluorene) (PDHF), poly(9,9-dioctylfluorene) (PDOF) and 
poly(9,9-didecylfluorene) (PDDF). 
 
2.2 Synthesis of the fluorene homopolymers 
 
The synthesis route to the homopolymers is shown in Scheme 2.1. 9,9-dialkylfluorene 
was prepared from fluorene and alkyl bromide at –78 ºC using 2 M n-butyllithium (n-
BuLi) in cyclohexane. The homopolymers were synthesized from chemical oxidation 
of the corresponding 9,9-dialkylfluorene, using FeCl3 as oxidant and chloroform as 
solvent. The chloroform used was freed from water and alcohol in order to minimize 
oligomer formation. The procedure is as following: a solution of the 9,9-
dialkylfluorene in dry chloroform was added dropwise into a reaction vessel 
containing anhydrous ferric chloride at 0 ºC, then the mixture was stirred at this 
temperature for 4 h and then at room temperature for 72 h. Polymerization was 
terminated by adding an excess amount of methanol. The resulting polymer was 
subjected to Soxhelt extraction with methanol for 24 h and then acetone for 24 h in 
turn. The fluorene moieties of the polymers were doped with Fe3+ during reaction. 
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Thereafter, the as-synthesized polymer was dedoped by stirring in a solution of 
hydrazine hydrate (15 mL) in water (15 mL) for 20 h, washed thoroughly with 
methanol and dried at room temperature under vacuum over night. The yield was 
moderate at about 58% to 68%.  
 




Reagents and conditions: i. n-BuLi, RBr, THF, -78 ºC; ii. FeCl3, CHCl3, 0 ºC to 
room temperature, 72 h. 
 
The structures of the intermediate compounds were verified with 1H and 13C NMR. 
The structures of the homopolymers were verified with, FTIR, 1H and 13C NMR. 
 
2.3 Characterization of the fluorene homopolymers 
 
2.3.1 Structure elucidation 
The polymers’  structures have been verified with 1H and 13C NMR, FTIR and 
elemental analysis. The 1H NMR spectrum of the representative polymer PDHF is 
depicted in Figure 2.1. From Figure 2.1, the three peaks at around δ 7.83, 7.67 and 
7.23 ppm are assigned to the protons on the fluorene moiety. The splitting of these 
resonances is ascribable to the different chemical environments of the protons on the 
fluorene moieties within the polymer backbone. The remaining resonances at the 
aliphatic region are consistent with the presence of the n-hexyl pendant, the existence 
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Figure 2.1. 1H NMR spectrum of PDHF in CDCl3. 
 
The 13C NMR spectrum of the representative polymer PDHF is shown in Figure 2.2. 
Six resolved major peaks are principally observed in the aromatic region. By 
comparing the 13C NMR of PDHF with that of the monomer DHF, the three peaks of 
aromatic region at δ 151.71, 121.44 and 119.86 ppm are unambiguously assigned to 
C-10(13), C-1(8) and C-4(5) of the fluorene ring, respectively. In the case of the 
phenyl group substituting to a benzene ring, it is well know that the 13C NMR peaks 
of ortho and meta carbons of the benzene ring are shifted in positive sense and 
negative sense, respectively.12 If the 2-carbon of a fluorene ring is linked to the 7’ -
carbon of another fluorene ring, the 10- and 4-cabons of the fluorene are situated in 
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meta position (positive shift) and the 1-carbon is situated in ortho position (negative 
shift). In fact, the peak shifts of PDHF from that of the monomer, DHF, in the field of 
these carbons (C-10, 4, 1) are +1.25, +0.26 and –1.19 ppm, respectively (Table 2.1). 
Therefore, the linking position of fluorene ring in PDHF is evaluated to be the 2,7-
carbons as Scheme 2.1 indicates. The remaining three peaks (at δ 140.45, 139.93 and 






Figure 2.2. 13C NMR spectrum of PDHF in CDCl3. 
 
Based on the peak shifts that are listed in Table 2.1, the linking positions of fluorene 
ring in PDOF and PDDF are evaluated to be the 2,7-carbons as well.  
 
 
  35 
 
 
Table 2.1. The Peak Shifts of the Polymers from that of the Monomers in 13C NMR 
Spectra 
 
Position δ of monomer δ of polymer 
Peak shifts  
(= δ of polymer- δ of monomer) 
? ?
DHF DOF DDF PDHF PDOF PDDF DHF~PDHF DOF~PDOF DDF~PDDF 
C-10(13) 150.46 150.61 150.58 151.71 151.7 151.94 1.25? 1.09? 1.36?
C-4(5) 119.6 119.56 119.5 119.86 119.84 119.85 0.26? 0.28? 0.35?
C-1(8) 122.63 122.75 122.74 121.44 121.4 121.41 -1.19? -1.35? -1.33?
 
 
The FTIR spectrum of PDHF is shown in Figure 2.3 as a representative example. The 
peaks are originated from either hexyl groups or aromatic rings. The spectral 
assignments clearly support the proposed structure. For example, the ring stretching 
vibration around 1450 cm-1 is consistent with the presence of fluorene moieties. The 
presence of n-hexyl pendants is evident from C-H stretching at 2850 and 2920 cm-1 
due to CH3 and CH2 groups. The peaks at 820 and 890 cm-1 are assigned to the C-H 
out-of-plane vibration of the benzene rings and the peak at 1000 cm-1 is due to the C-
H in-plane vibration of the benzene rings. Further, in the higher wave number region, 
the overtone (1770 cm-1) and the combination tone (1890 cm-1) of these vibrations 
have been observed. These peaks are similar to those of 1,2,4-trisubstituted benzenes 
with respect to the wave number and the pattern of the absorption peaks. Therefore, 
the result suggests that the linking position of the fluorene ring in PDHF is either 2,7- 
or 3,6-carbons. This conclusion supports the proposed structure based on 13C NMR. 





















Figure 2.3. The FTIR spectrum of PDHF in KBr pellet. 
 
Table 2.2 illustrates that the elemental compositions of the polymers as determined 
from microanalyses show good agreement between the expected and calculated 
empirical formula. 
 
Table 2.2. Elemental Analysis Results of the Polymers 
Elemental Analysis Polymer 
Empirical Formula Monomer Formula 
PDHF C24.7H31.0 C25H34 
PDOF C28.6H41.6 C29H42 
PDDF C32.4H46.3 C33H50 
 
All these results indicate that the polymers have been formed as expected and are 
structurally identical to the chemical structure shown in Scheme 2.1. 
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2.3.2 Physical properties 
The homopolymers are all light yellow powders. All polymers are soluble in common 
organic solvents such as chloroform, dichloromethane and tetrahydrofuran at room 
temperature. 
 
Table 2.3 summarizes the number-averaged molecular weights (Mn), the weight-
averaged molecular weights (Mw) and the polydispersity index (PDI) for the polymers 
as determined by GPC. The degrees of polymerisation for PDHF, PDOF and PDDF 
are 25, 21 and 16, respectively. The polymerisation degree decreases with the increase 
of the alkyl side chain of the monomer due to the steric effect originated from the side 
chain. 
 
Table 2.3. GPC Results of the Polymers 
 
Polymer Mn Mw PDI 
PDHF 8758 10948 1.25 
PDOF 8349 10717 1.28 
PDDF 7058 9104 1.29 
 
2.3.3 UV-Vis absorption and photoluminescence 
The series of polymers have obvious blue-light emissions in CHCl3 solutions, which 
are observable with the naked eye even on exposure to ordinary light. UV-Vis 
absorption spectra and PL spectra of the PDHF, PDOF and PDDF both in CHCl3 
solution and film phases were measured. Solution spectra were determined in dilute 
chloroform solution (ca. 1 ? ? 10-5 M) in order to avoid the possibility of 
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concentration quenching or re-absorption and re-emission, and all the solutions were 
degassed prior to measurement. Films were obtained by spin casting onto quartz 







































































Figure 2.4. UV-Vis absorption spectra and PL spectra of PDHF in (a) CHCl3 solution 
and (b) solid state. 
 
The solution and solid state UV-Vis absorption spectra and PL spectra of the typical 
PDHF
 
are shown in Figure 2.4 (a) and (b) respectively. 
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Table 2.4 summarizes the UV-Vis absorption and PL maxima for the polymers in 
solution and film states. 
 
Table 2.4. Summary of Optical Results for the Polymers 
 
Sample UV-Vis λ max (nm) PL λ max (nm) 
 Solution Film Solution Film 
PDHF 378 382 418 464 
PDOF 368 371 416 463 
PDDF 372 373 418 463 
 
In solution, the polymers give the main absorption peak at 378, 368 and 372 nm, 
respectively; in the film state, the main absorption peak of the polymers appear at 382, 
371 and 373 nm, respectively. The red shift of UV-Vis λmax from solution to film state 
was maybe attributed to a less twisted-backbone structure or a longer mean effective 
conjugated length in the film state.11,12 
 
2.3.4 Thermogravimetry (TG) 
Thermal stability is one of the most important properties for conjugated polymers, 
especially for those that are applied for the Light Emitting Devices (LEDs). This 
series of polymers exhibit good thermal stability. Thermogravimetry (TG) results of 
PDHF and its corresponding derivative thermogravimetry (DTG) curves are shown in 
Figure 2.5. 
 
From Figure 2.5 (a), PDHF in nitrogen atmosphere depicts an apparently one-step 
degradation attributed to the cleavage of the pendant group. It begins at temperature 
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about 380 ºC and completes at 550 ºC. Figure 2.5 (b) illustrates that when air is used, 
instead of a single decomposition step observed in nitrogen, the polymers depict a 





































































Figure 2.5. TG and DTG spectra of PDHF under (a) nitrogen and (b) air atmosphere. 
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Figure 2.6 shows the TG spectra of the series of polymers under air atmosphere. The 
first step ranges about 320 to 510 ºC, corresponding to degradation of the side-
chain.16 The next weight loss step, which takes place in the temperature ranging about 
510 to 660 ºC, was attributed to the decomposition of the polymer backbone. It 






















Figure 2.6. TG spectra of the polymers under air atmosphere. 
 
2.3.5 Modulated differential scanning calorimetry (MDSC) 
DSC has been used for over twenty years to characterise physical and chemical 
transitions, such as melting, glass transition and chemical reactions. But sometimes, 
we cannot get accurate and reproducible result due to the weakness and overlapping 
of the thermal transitions. A new dynamic technique, namely Modulated Differential 
Scanning Calorimetry17,18 (MDSC) was employed with advantages in this study.  
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MDSC operates essentially in the same way as DSC but with a unique difference: in 
addition to the linear temperature gradient to the heating block, a sine wave 
modulation is superimposed, resulting in a heating profile which is therefore 
characterised by an oscillatory increase of temperature with a defined amplitude and 
frequency. As a result, both the sensitivity and resolution are greatly improved in 
MDSC. The raw data in MDSC can be deconvoluted using discrete Fourier 
transformation software to obtain a conventional DSC curve (total) and both its 







































Figure 2.7. Deconvoluted MDSC curves of PDHF. 
 
Figure 2.7 shows the deconvoluted MDSC curves for polymer PDHF. No resolvable 
glass transition (Tg) is observed from the total curve, which is the same as normal 
DSC. However, Tg at about 75.8 ºC is observed in the reversing component curve.  
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Table 2.5 summarises the thermal events from MDSC curves for all the polymers 
studied here. It can be seen that with the increase of the alkyl side chain length, the 
glass transition temperature decreases. 
 
Table 2.5. Thermal Events for The Polymers Resulted from MDSC 
 
Polymer PDHF PDOF PDDF 






A series of fluorene homopolymers with alkyl chains have been chemically 
synthesized utilizing FeCl3 as an oxidazing agent. These polymers are soluble in the 
common solvents. The polymers have moderate number-average molecular weight 
from 7058 to 8758 and the degrees of polymerization range from 16 to 25. The 
polymers have well-defined structures and exhibit good thermal stability with the 
onset decomposition temperature at about 320 and 390 ºC in air and nitrogen
respectively. The glass transition peaks have been observed which are ascribed to the 
initiation of the thermal motion of the fluorene-ring chain. The polymers are 
fluorescent with blue-light emissions observable to the naked eye. The emission 
wavelength of these polymers in their CHCl3 solution and solid state are at about 418 
and 463 nm, respectively.  
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Chapter 3 
Synthesis and Characterization of Soluble Fluorene 





Since the first report of polymeric light emitting diodes (PLED) in 19901, light 
emitting polymers have received considerable attention due to their unusual optical 
and electrical properties2,3. To get new materials with modified properties, functional 
groups, such as alkoxy (OR)4, alkylthio (SR)5, alkanesulfonic acid (RSO3H)6, have 
been introduced to the polymers as side chain. The synthesis of thiophene copolymers 
containing ?-hydroxyalkyl side chains has been reported by the Cambridge group7. 
The applicability of the ?-hydroxyl moiety for further reactive transformation at the 
post-polymerization stage was also demonstrated8. They transformed the?-hydroxyl 
group into an azide that, on heating, led to crosslinking that rendered an insoluble 
regioregular polythiophene film with modified optical properties. Meanwhile, Casa et 
al. briefly reported the synthesis of poly[3-(?-hydroxydecyl)thiophene]9. Later, the 
synthesis and characterization of poly[3-(?-hydroxyalkyl)thiophene]s and poly[3-(?
-hydroxyalkoxy)aniline]s were reported by Chan et al.10,11. Recently, Beak et al.12 
reported the synthesis and characterization of soluble 
poly(aniline-co-o-aminophenethyl alcohol)s and considered them as functional 
conducting polymer intermediate owing to the reactivity of the hydroxyethyl side 
group. 
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On the other hand, polymer/inorganic composites can be generated by 
post-polymerization of polymers with ?-hydroxyalkyl side chains. Tian et al.13 
prepared an aliphatic/silica composite utilizing ?-hydroxyl poly(?-caprolactone). 
Phenolic resin/silica composites were prepared through sol-gel technology by Lin et 
al.14 and Haraguchi et al.15. Composite materials combined the interesting properties 
of inorganic particles and polymers, such as flexibility of polymers and high modulus, 
high thermal stability, and good optical properties of inorganic materials. 
 
In the field of light emitting polymers, polyfluorene and its derivatives are of 
particular interest because of their outstanding physical properties such as thermal 
stability in the neutral state and resistance to environmental oxidation and 
irradiation16,17. They contain rigid biphenyl repeating units that lead to large band 
gaps with efficient blue emission18,19, and the facile substitution at the remote C-9 
position provides the possibility of improving the solubility and processability of the 
polymers without significantly increasing the steric interactions in the polymer 
backbones20.  
 
The facile introduction of functional substituents at the C-9 of monomeric fluorene 
also allows the synthesis of fluorene polymers containing ?-hydroxyalkyl side 
chains. However, only limited work has been reported on the type of fluorene 
polymers so far. In this work, a series of novel fluorene copolymers, 
poly{[9,9-dihexylfluorene]-co-[9-methyl-9-(4-hydroxylbutyl)fluorene]} (PDHMHF), 
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poly{[9,9-dioctylfluorene]-co-[9-methyl-9-(4-hydroxylbutyl)fluorene]} (PDOMHF) 
and poly{[9,9-didecylfluorene]-co-[9-methyl-9-(4-hydroxylbutyl)fluorene]} 
(PDDMHF), have been synthesized and characterized. The homopolymer of 
9-methyl-9-(4-hydroxybutyl)fluorene is insoluble in common organic solvents and 
thus the characterization and application of the polymer is limited. 9,9-dialkylfluorene 
has been used as a comonomer to prepare soluble copolymers. Furthermore, the 
copolymers with?-hydroxyalkyl side chain are suitable for post-polymerization 
treatment to afford materials with modified optical, thermal and mechanical 
properties. 
 
3.2 Synthesis of the fluorene copolymers 
 
PDHMHF, PDOMHF and PDDMHF have been synthesized from the corresponding 
9,9-dialkylfluorene and 9-methyl-9-(4-hydroxylbutyl)-fluorene (MHF). The synthesis 
route to the fluorene copolymers is depicted in Scheme 3.1. 
 
Compound 1 was synthesized from fluorene and iodomethane at –78 ºC using 2 M 
n-BuLi solution in cyclohexane.21 Treating 1 at –78 ºC with 2 M n-BuLi solution in 
cyclohexane and 1,4-dibromobutane afforded compound 2. 22 , 23  Hydroxyl group 
containing monomer 3, 9-methyl-9-(4-hydroxylbutyl)-fluorene, was prepared from 2 
by hydrolysis using AgNO3.24 The other monomer 4 was prepared from fluorene and  
alkyl bromide at –78 ºC using 2 M n-BuLi in cyclohexane.10,11 The copolymers were 
synthesized from chemical oxidation of the corresponding 9,9-dialkylfluorene and 
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MHF with mole ratio 4:1, using FeCl3 as oxidant and chloroform as solvent.10,11 The 
chloroform used was freed from water and alcohol in order to minimize oligomer 
formation. The procedure is as following:  a solution of the 9,9-dialkylfluorene and  
 






Reagents and conditions: i. n-BuLi, CH3I, THF, -78 ºC; ii. n-BuLi, 
1,4-dibromobutane, THF, -78 ºC; iii. AgNO3, acetone, H2O, 50 ºC; iv. n-BuLi, RBr, 
THF, -78 ºC; v. FeCl3, CHCl3, 0 ºC to room temperature, 72 h. 
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MHF in dry chloroform was added dropwise into a reaction vessel containing 
anhydrous ferric chloride at 0 ºC, the mixture was stirred at this temperature for 4 h 
and then at room temperature for 72 h. Polymerization was terminated by adding an 
excess amount of methanol. The resulting polymer was subjected to Soxhelt 
extraction with methanol for 24 h and then acetone for 24 h in turn. Thereafter, the 
as-synthesized polymer was dedoped by stirring in a solution of hydrazine hydrate (15 
mL) in water (15 mL) for 20 h, washed thoroughly with methanol and dried at room 
temperature under vacuum over night. The yield was moderate at about 40% to 48%. 
 
The structures of the intermediate compounds were verified by 1H and 13C NMR and 
the structures of the copolymers were verified by FTIR, 1H and 13C NMR. 
 
3.3 Characterization of the fluorene copolymers 
 
3.3.1 Structure elucidation 
The copolymers’  structures have been verified by FTIR, 1H and 13C NMR. The 1H 
NMR spectrum of the representative copolymer PDHMHF is depicted in Figure 3.1. 
From Figure 3.1, the three peaks at δ 7.83, 7.67and 7.23 ppm are assigned to the 
protons on the fluorene moiety.18 The splitting of these resonances is ascribable to the 
different chemical environments of the protons on the fluorene moieties within the 
polymer backbone. The existence of the hexyl chains is showed by the three sets of 
resonances at δ 2.12, 1.13 and 0.79 ppm. The peak at δ 3.46 ppm corresponds to the 
-proton of the hydroxylbutyl pendant.  
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The composition of the copolymer can be determined from 1H NMR on the basis of 
the intensities of the signals originating from the fluorene moiety and the 
hydroxylbutyl side chain. The results for the series of copolymers are listed in Table 
3.1. The monomer feed ratio is not retained in each copolymer. The content of the 
MHF repeat unit in the copolymer chain is lower than the correlative MHF content in 
the feed monomers. It illustrates that the reactivity of MHF is lower than that of the 
9,9-dialkylfluorenes in the polymerization system. This can be attributed to the low 
solubility of MHF in CHCl3. Other feed ratios can be studied in future works to get a 
better understanding of the reacting behavior of the monomers in the system. 
 
 
Figure 3.1. 1H NMR spectrum of PDHMHF in CDCl3. 
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Table 3.1. Compositions of the Copolymers 
Feed monomer composition Copolymer composition Copolymer 
DHF/DOF/DDF MHF DHF/DOF/DDF MHF 
PDHMHF 80% 20% 90% 10% 
PDOMHF 80% 20% 89% 11% 
PDDMHF 80% 20% 92% 8% 
 
The 13C NMR spectrum of the representative copolymers PDHMHF is shown in 
Figure 3.2. Six resolved major peaks are principally observed in the aromatic region. 
By comparing the 13C NMR of PDHMHF with that of the monomers 
9,9-dihexylfluorene (DHF) and MHF, the six peaks of aromatic region at δ 151.71, 
140.46, 139.93, 126.06, 121.43 and 119.86 ppm are assigned to C-10(13), C-11(12), 
C-2(7), C-3(6), C-1(8) and C-4(5) of the fluorene ring, respectively.18 
Figure 3.2. 13C NMR spectrum of PDHMHF in CDCl3. 
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The FTIR spectrum of PDHMHF is shown in Figure 3.3 as a representative example. 
The peaks are originated from either pendant groups or aromatic ring. The spectral 
assignments clearly support the proposed structure. For example, the ring stretching 
vibration around 1450 cm-1 is consistent with the presence of fluorene moieties. The 
broad peak at 3500 cm-1 corresponds to the hydroxyl group of hydroxylbutyl pendants. 
Due to CH3 and CH2 groups, the presence of n-hexyl pendants is evident from C-H 
stretching at 2850 and 2920 cm-1. The peak at 1000 cm-1 is due to the C-H in-plane 
vibration of the benzene ring and the peaks at 820 and 890 cm-1 are assigned to the 
C-H out-of-plane vibration of the benzene ring. Further, in the higher wave number 
region, the overtone (1720 cm-1) and the combination tone (1890 cm-1) of these 






















Figure 3.3. The FTIR spectrum of PDHMHF in KBr pellet. 
 





The copolymers are all light yellow powders. All polymers are soluble in common 
organic solvents such as chloroform, dichloromethane, and tetrahydrofuran at room 
temperature. Since the homopolymer of MHF is insoluble in common organic 
solvents while our products are soluble, it is evident that the copolymers were formed 
instead of the mixtures of corresponding homopolymers. 
 
Table 3.2 summarizes the number-averaged molecular weight (Mn), 
weight-averaged molecular weight (Mw) and polydispersity index (PDI) for the 
polymers as determined by GPC (with a calibration using polystyrene standards). The 
degrees of polymerization for PDHMHF, PDOMHF and PDDMHF are 20, 20 and 14, 
respectively. The relative lower polymerization degree for PDDMHF is due to the 
steric effect originated from the longer alkyl side chain of the monomer. 
 
Table 3.2. GPC Results of the Copolymers 
 
Copolymer Mn Mw PDI (Mw/Mn) 
PDHMHF 6495 10652 1.64 
PDOMHF 7462 11641 1.56 
PDDMHF 5764 9214 1.60 
 
 
3.3.3 UV-Vis absorption and photoluminescence 
The series of copolymers have an obvious blue emission in solution, which is 
observable with the naked eye even on exposure to ordinary light in the laboratory. 
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UV-Vis absorption spectra and photoluminescence (PL) spectra of the PDHMHF, 
PDOMHF and PDDMHF both in CHCl3 solution and film phases were measured. 
Solution spectra were determined in dilute chloroform solution (ca. 1 ? 10-5 M) in 
order to avoid the possibility of concentration quenching or re-absorption and 
re-emission, and all the solutions were degassed prior to measurement. Films were 
obtained by spin casting onto quartz glass from chloroform solution (ca. 1 ? 10-3 
M). The solution and solid state UV-Vis absorption spectra and PL spectra of the 
typical PDHMHF are shown in Figure 3.4 (a) and (b) respectively. 
 
The UV-Vis absorption spectra of the solution and the film are quite alike, with 
almost the same wavelength of maximum absorption, which corresponds with the 
results of other works25,26. However, two differences between the PL spectrum of the 
film and that of the solution are evident. First, the main emission peak for the solution 
sample is at 420 nm, while the maximum emission for the film sample is around 552 
nm. The red shift of PL spectrum from the solution to the film state suggests a less 
twisted-backbone structure or a longer average effective conjugated length in the film 
state, which is corresponding to other reports20,21. Second, the PL spectrum of the film 
sample is much broader than that of the solution, which is associated with more 
energy levels of -* transition along the copolymer backbone in the film state and 
has already been observed for all light emitting polymers. Furthermore, the 
wavelength of the emission peak for the copolymer film is different with that of the 
corresponding homopolymer poly(9,9-dihexylfluorene), which is around 464 nm. 
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This is due to the strong intra- and/or inter-molecular interaction between the 
hydroxyl groups in the copolymer chains. It is an evidence of the formation of the 















































































Figure 3.4. UV-Vis absorption spectra and PL spectra of PDHMHF in (a) CHCl3 
solution and (b) solid state. 
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Table 3.3 summarizes the UV-Vis absorption and PL maximum in solution and film 
states for the copolymers. 
 
Table 3.3. Summary of Optical Results for the Copolymers 
 
Copolymer UV-Vis λ max (nm) PL λ max (nm) 
 Solution Film Solution Film 
PDHMHF 378 375 419 548 
PDOMHF 374 373 419 542 
PDDMHF 377 377 419 549 
 
In solution, the copolymers give the main absorption peak at 378, 374 and 377 nm, 
respectively, while the main absorption peak of the solid films of the copolymers 
appear at 375, 373 and 377 nm, respectively. It indicates that the length of the alkyl 
side chain has little effect on the UV-Vis absorption and PL of the series of 
copolymers in both solution and film state. It correlates with reports20 and illustrates 
that the alkyl side chain do not significantly increase the steric interactions in the 
polymer backbones. 
 
3.3.4 Thermogravimetry (TG) 
The series of copolymers are thermally stable. Thermogravimetry (TG) results of 
PDHMHF and its corresponding derivative thermogravimetry (DTG) curves under 
nitrogen are shown in Figure 3.5. 
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Figure 3.5 illustrates that PDHMHF in nitrogen atmosphere depicts an apparently 
one-step degradation corresponding to the cleavage of the pendant groups. The onset 






















































Figure 3.6. TG spectra of the copolymers under nitrogen. 
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Figure 3.6 shows the TG spectra of the copolymers under nitrogen. It demonstrates 
that the percentage of the residues decreases with increasing alkyl chain length under 
nitrogen. It correlates with the degradation of pendant chains of increasing content in 
the copolymers. 
 
When in air, instead of a single decomposition step observed in nitrogen, PDHMHF 
depicts a two-step weigh loss as Figure 3.7 indicates. The first step ranges about 350 
to 510 ºC with maximum weight loss rate at 473 ºC, corresponding to degradation of 
the side-chain.27 The next weight loss step, which takes place in the temperature 
ranging about 530 to 735 ºC, can be attributed to the decomposition of the copolymer 
backbone. Figure 3.8 illustrates that the copolymer with a shorter alkyl side chain 

































Figure 3.7. TG and DTG spectra of PDHMHF under air atmosphere. 
 



















Figure 3.8. TG spectra of the copolymers under air atmosphere. 
 
The results show that this series of copolymers exhibit good thermal stability in both 
nitrogen and air atmosphere. 
 
3.3.5 Modulated differential scanning calorimetry (MDSC) 
Figure 3.9 shows the reversing component of MDSC curves for the copolymers. Tg at 
about 98.7, 37.5, 24.2 ºC are observed in the curves of PDHMHF, PDOMHE and 
PDDMHF respectively. This glass transition temperature is attributed to the initiation 
of the thermal motion of fluorene-ring chain. It can be seen that with the increase of 
the alkyl side chain length, the glass transition temperature decreases. 
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Figure 3.9. Reversing component of MDSC curves for the copolymers. 
 
The Tg of poly(9,9-dihexylfluorene), poly(9,9-dioctylfluorene) and 
poly(9,9-didecylfluorene), have also been detected to be 75.8, 10.9 and 7.6 ºC, 
respectively in the Chapter 2. It is evident that the Tg of each copolymer is roughly 20 
degree higher than that of the corresponding 9,9-dialkylfluorene homopolymer. A 
possible rationale could be that the interaction of hydroxyl groups restricted the 
thermal motion of fluorene ring chain. This is a solid evidence to show the generation 
of the copolymer rather than a mixture of two corresponding homopolymers, since 
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A series of novel fluorene copolymers containing hydroxyl groups in side-chains have 
been prepared by chemical oxidation using FeCl3 as an oxidizing agent. The 
copolymers showed good thermal stability and were soluble in common organic 
solvents such as CHCl3 and THF. The number-average molecular weights of the 
copolymers range from 5764 to 7462, the degrees of polymerization are about 14 to 
20. The copolymers were fluorescent with blue-light emissions in their CHCl3 
solution with peaks at about 420 nm. The emission peaks of these polymers in solid 
state were at about 552 nm. A single glass transition was observed for each copolymer 
and the glass transition temperatures of the copolymers decreased from 98.7 to 24.2 
ºC with the increase of the alkyl side chain length. Owing to the reactivity of the?
-hydroxyalkyl side chains, the series of copolymers are suitable for preparing 
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Chapter 4 
Synthesis and Characterization of  





Conjugated polymers have showed real promise in optic-electronic applications, in 
particular, polyfluorene (PF) and its derivatives can be used as the photo-active layers 
in light emitting diodes (LEDs)1,2,3. These optical quality films can be cast from 
solution using common organic solvents, and benefit from the processability of 
polymers. The optical and electronic properties of PF, however, still have to be 
improved. A feasible way to get improvement may be combining polymer with 
inorganic nanoparticles. In fact, the method has been applied to 
poly(p-phenylenevinylene) (PPV) successfully. For example, the incorporation of 
CdSe nanoparticles into PPV was used to make blue light emitters.4 In addition, the 
PPV/CdSe nanocomposite showed the feature of enhanced luminescence.5 More 
recently, it has been seen that blending PPV with TiO2 nanoparticles could improve 
photovoltaic efficiency6,7 and enhance luminescence8,9,10. Therefore, it has been of 
considerable interest to study the effects of inorganic nanoparticles on the optical and 
electronic properties of PF. 
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Organic/inorganic nanocomposite materials fabricated through sol-gel technology are 
a relatively new type of material developed in the past decade.11,12 Incompatible 
organic and inorganic components were mixed on the nanoscale to form 
nanocomposites. These materials possess the advantages of both organic and 
inorganic materials and they are expected to present unique properties that are 
different from the individual organic or inorganic material. These materials were 
termed ceramers by Wilkes et al.13 and ormosils by Schmidt.14 Many polymers have 
been investigated to be the organic phase of the composites, such as polyimides15, 
polybutadiene16 and phenolic resins17. The main physical, mechanical and optical 
properties of these composite materials are strongly dependent on phase continuity, 
average phase size, molecular mixing at the phase boundaries and intrinsic properties 
of the constitutive components. 
 
In chapter 3, we have synthesized a series of fluorene copolymers containing 
hydroxyl groups, which are reactive towards alkoxysilane. The copolymers are 
suitable to undergo the co-condensation reaction with alkoxysilane such as 
tetraethoxysilane (TEOS) to form nanocomposites. 
 
In this chapter, the discussion is focused on a series of fluorene copolymer/SiO2 
nanocomposites with various content prepared through a sol-gel process. 
Poly{[9,9-dihexylfluorene]-co-[9-methyl-9-(4-hydroxybutyl)fluorene]} (PDHMHF) 
was used as a representative copolymer. The relationship between the confined 
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environments of SiO2 and properties of the nanocomposites were investigated by 
FTIR, photoluminescence (PL) spectroscopy, transmission electron microscopy 
(TEM), thermogravimetry (TG) and modulated differential scanning calorimetry 
(MDSC). 
 
4.2 Preparation of fluorene copolymer/SiO2 nanocomposites 
 
It is well known that SiO2 nanoparticles can be prepared via sol-gel progress.18,19 In 
our work, the sol-gel technique was utilized to incorporate SiO2 particles with a 
hydroxyl groups containing fluorene copolymer to form nanocomposite materials. An 
appropriate amount of TEOS was added to the copolymer solution in THF and 
thoroughly mixed until a homogeneous solution was formed. Then a small amount of 
aqueous catalyst, HCl solution, was added under rapid stirring. The solution was kept 
stirring for 10 min and then spun cast onto quartz glass to get film. Adjusting the 
stirring time, different size particles could be formed. The stirring time could not be 
long, otherwise the SiO2 particles may aggregate together and precipitate. The film 
was cured at 160 ºC under vacuum overnight to complete the hydrolysis and 
condensation reaction. The possible polycondensation reaction is depicted in Scheme 
4.1, but the formation of C-O-Si bond has not been proven yet.20,21 The composites 
were verified by FTIR and TEM. 
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4.3 Characterization of the fluorene copolymer/SiO2 nanocomposites 
 
4.3.1 FTIR spectra 
The chemical structures of the nanocomposites were characterized with FTIR spectra. 
Figure 4.1 shows the FTIR spectrum of a representative sample, PDHMHF/SiO2 
(weight ratio 60/40) nanocomposites. The vibration around 1450 cm-1 is assigned to 
the C-C ring stretching of fluorene moieties. Due to CH3 and CH2 groups, the 
presence of n-hexyl pendants is evident from C-H stretching at 2850 and 2920 cm-1. 
The peak at around 820 cm-1 is attributed to the C-H out-of-plane vibration of the 
benzene ring. The above peaks are the characteristic absorption of PDHMHF. The 
large broad peak at 3400 cm-1 corresponds to the O-H stretching mode of Si-OH. The 
peaks at 1650 and 1100 cm-1 are assigned to the Si-O stretching and linear Si-O-Si 
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asymmetric stretching mode, respectively. These peaks indicate that TEOS has been 
hydrolyzed to form Si organic compound, which can result in the alignment structure 























Figure 4.1. FTIR spectrum of PDHMHF/SiO2 (weight ratio 60/40) nanocomposite. 
 
4.3.2 Transmission Electron Microscope (TEM) 
 
Figure 4.2 shows the TEM images of the SiO2 nanoparticles prepared via sol-gel 
progress. It indicates that the nanoparticles aggregated together. Figure 4.3 
demonstrates the TEM images of the PDHMHF/SiO2 nanocomposites with different 
content of SiO2. The initial reactant compositions of the nanocomposites are listed in 
Table 4.1. The brighter contrast can be ascribed to the copolymer, while the darker 
regions indicate SiO2 particles. SiO2 aggregates take the irregular form of about 
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100~200 nm in size. Comparing Figure 4.2 and 4.3, it is evident that the SiO2 
particles are well dispersed in the copolymer matrix in the composites rather than 
aggregated together without copolymer. It illustrates that there are some interactions, 
which are ascribed to C-O-Si bond and/or hydrogen bond, between the copolymer and 
the nanoparticle.21 Furthermore, the density of the nanoparticle in composites 
increases while the size remains 100~200 nm as the SiO2 content is increased. 
 
Table 4.1. The Initial Reactant Compositions of the Nanocomposites 
Sample PDHMHF weight ratio (%) SiO2 weight ratio (%) 
PDHMHF 100 0 
PDHMHF/SiO2-A 95 5 
PDHMHF/SiO2-B 80 20 
PDHMHF/SiO2-C 60 40 
PDHMHF/SiO2-D 50 50 
 
 
Figure 4.2. The TEM image of SiO2 nanoparticle. 




















Figure 4.3. The TEM images of PDHMHF/SiO2 nanocomposites. 
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4.3.3 Photoluminescence 
Figure 4.4 shows the effect of SiO2 content on the photoluminescence spectra of 
PDHMHF/SiO2 nanocomposites. Since there is no photoluminescence from SiO2 
nanoparticles in our experiment condition, the peaks are all assigned to the 
copolymer. The maximum photoluminescence peaks center around 550 nm, while 
shoulder peaks have been observed at about 513 and 478 nm. The figure also 
illustrates that photoluminescence intensity have been increased with increasing SiO2 
content.  
























Figure 4.4. The photoluminescence spectra of PDHMHF/SiO2 nanocomposites with 
various compositions. 
 
On the other hand, the incorporation of the SiO2 nanoparticles into the copolymer may 
change the relative intensity of the vibrant components in the PL spectrum. Figure 4.5 
indicates that the shoulder peaks’  photoluminescence intensity ratios turn higher 
respectively when the SiO2 content is increased. 

















478 nm / 550 nm
513 nm / 550 nm
 
Figure 4.5. The effect of SiO2 content on the intensity ratios of shoulder peaks to 
maximum peak in photoluminescence spectra of PDHMHF/SiO2 nanocomposites. 
 
Similar change in the PL characteristics has already been observed in composites of 
PPV/porous silicon10, PPV/carbon nanotubes 22  and PPV/TiO2 23 . The possible 
explanation for the above phenomena is that the SiO2 nanoparticles can affect the 
copolymer chain extension. In sol-gel process, the SiO2 can act as confined 
environments to affect the aggregate states of the copolymer, since the SiO2 matrix 
surface group, such as -OH, -OR, can interact with the hydroxyl group in the 
copolymer, which will lead to an increase in the chain extension and reduction in the 
conformation defect. Therefore, thermal treatment of these films lead to the formation 
of a solid with a high degree of planarization24.  
 
It should be interesting to find out the effect of SiO2 on PL intensity as the SiO2 
content is higher than 50%. A maximum intensity value is expected since SiO2 does 
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not contribute to PL by itself. 
 
4.3.4 Thermal properties 
 
Table 4.2 summarizes the thermal properties of the nanocomposites. The Tg of the 
nanocomposite system was slightly increased with the incorporation of the inorganic 
silica components. It is because the SiO2 nanoparticles have restraint effects on the 
movement of the polymer chains. The onset temperature of degradation in N2 of the 
nanocomposite system remained over 380 ºC, which indicates that the nanocomposite 
with various SiO2 naoparticles components are all thermally stable. Further, the 
content of the SiO2 nanoparticles had little effect on the onset temperature of polymer 
degradation in N2. 
 
Table 4.2. The Thermal Properties of the Nanocomposites 
Sample PDHMHF/SiO2 (weight) Tg (ºC) Td* (ºC) 
PDHMHF 100/0 98.7 381.2 
PDHMHF/SiO2-A 95/5 100.1 380.6 
PDHMHF/SiO2-B 80/20 102.3 381.8 
PDHMHF/SiO2-C 60/40 103.9 382.5 
PDHMHF/SiO2-D 50/50 105.2 380.3 
*
 Td: Onset temperature of degradation in N2 
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4.4 Conclusion 
 
A series of novel organic/inorganic nanocomposite materials composed of fluorene 
copolymer PDHMHF and SiO2 nanoparticles have been prepared through a sol-gel 
process. The density of the SiO2 nanoparticles in composites increase while the size 
remains about 100~200 nm as the SiO2 content is increased. The photoluminescence 
intensity of nanocomposite system is increased with increasing the SiO2 content. The 
relative intensity of the vibrant components in the photoluminescence spectrum is 
changed with the incorporation of SiO2 component. The nanocomposite system shows 
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Diethyl ether (Et2O, J. T. Baker, A. R.) was dried over sodium coils. Tetrahydrofuran 
(THF, J. T. Baker, A. R.) was freshly distilled over sodium coil and benzophenone. 
Chloroform (CHCl3, Fisher, G. R.) was first washed with water, dried and distilled 
over P2O5. Absolute ethanol (EtOH, J. T. Baker, A. R.) and acetone (Fisher, A. R.) 




Fluorene (Fisher), n-butyllithium solution (n-BuLi, 2.0 M in cyclohexane, Aldrich), 1-
bromohexane (Merck), 1-bromooctane (Fluka), 1-bromodecane (Fluka), iodomethane 
(Merck), 1,4-dibromobutane (Aldrich), silver nitrate (AgNO3, Fisher), anhydrous 
magnesium sulfate (MgSO4, Aldrich), anhydrous ferric chloride (FeCl3, Fisher), 







Elemental analysis Elemental analysis was performed on a Perkin-Elmer 240C 
elemental analyzer for C and H determination.  
NMR spectroscopy 1H NMR spectra were recorded on a Bruker ACF 300 FT-NMR 
spectrophotometer operating at 300 MHz, while 13C NMR spectra were obtained at 
the same instrument at 62.9 MHz. Deuterated chloroform was used as solvent and 
tetramethylsilane (TMS) as the internal reference. 
 
FTIR spectroscopy Infrared spectra (KBr disk for solid and NaCl disks for liquid) 
were reported on a Bio-Red TFS3000 spectrometer. Resolution=4 cm-1, number of 
scans = 20. 
 
Gel permeation chromatography (GPC) Molecular weight was measured by GPC 
on a Waters 600E HPLC System with PhenogelTM MXL and MXM column (300 mm 
× 4.6 mm i.d.) using polystyrene as standards and THF (HPLC Grade) as eluant. 
 
UV-Vis spectroscopy UV-Vis spectra were acquired from thin films of polymer and 
composite cast from solution on a quartz glass plate. The spectra were obtained with a 
Shimadzu UV-1601PC, UV-Vis-NIR spectrophotometer. 
 
Fluorescence spectroscopy Emission and excitation spectra of diluted solution and 
thin films were measured on a Perkin Elmer LS55 Luminescence spectrometer. 
 
Thermogravimetry (TG) Dynamic TG of polymer powders were carried out on a Du 
Pont Thermal Analyst 3100 system with a TGA 2960 thermagravimetric analyzer. A 
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heating rate of 10 ºC min-1 with a nitrogen flow of 75 mL min-1 was used. The runs 
were conducted from room temperature to 800 ºC. 
 
Modulated differential scanning calorimetry (MDSC)1 MDSC experiments were 
conducted on a TA Instruments DSC 2960 differential scanning calorimeter upgraded 
with a MDSCTM option in nitrogen (70 mL min-1). A heating rate of 1 or 2 ºC min-1, 
an oscillation amplitude of 1 or 2 ºC respectively and an oscillation period of 1min 
were used in the temperature range from –20 ºC to 200 ºC. 
 
Scanning Electron Microscope (SEM) The thickness of thin films was obtained 
with Philips XL30 FEG SEM machine. The films were prepared by spinning cast the 
resultant suspension onto glasses. 
 
Transmission Electron Microscope (TEM) Morphology of the composites was 
investigated by a JEOL JEM-1010 high-resolution transmission electron microscope. 
The samples for the TEM were prepared by dropping the resultant suspension onto 






5.3.1 Preparation of monomers 
 
General procedure for the preparation of 9,9-dialkylfluorene2,3 To a solution of 
8.48 g (52.2 mmol) of fluorene under nitrogen in THF (120 mL) at –78 ºC, 53.6 mL 
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(107.2 mmol) of n-butyllithium (2.0 M in cyclohexane) was added dropwise. The 
color of the solution gradually changed from light yellow to red. The mixture was 
stirred at –78 ºC for 1 h, and a solution of 1-bromoalkyl (117.53 mmol) in THF (25 
mL) was added dropwise to the mixture. The mixture was allowed to warm to room 
temperature and was stirred for 3 h. The mixture was poured into water and extracted 
with ether. The organic extracts were washed with brine and dried over anhydrous 
magnesium sulfate. The solvent was removed under reduced pressure. Distillation 
under vacuum yielded pale-brown liquid. 
 
9,9-Dihexylfluorene Yield: 67%; b.p.: 154~156 ºC/0.4 mmHg; 1H NMR (300 MHz, 
ppm, in CDCl3): ??7.71 (d, 2H), 7.32 (m, 6H); 1.95 (m, 4H), 1.04 (m, 12H), 0.76 (t, 
6H), 0.62 (m, 4H); 13C NMR (300 MHz, ppm, in CDCl3): ??150.46, 138.98, 130.05, 
126.08, 122.63, 119.60, 55.58, 40.07, 31.13, 29.45, 23.60, 22.45, 13.85. 
 
9,9-Dioctylfluorene Yield: 73%; b.p.: 163~165 ºC/0.4 mmHg; 1H NMR (300 MHz, 
ppm, in CDCl3): ?7.75 (d, 2H), 7.35 (m, 6H); 2.05 (m, 4H), 1.32~1.00 (m, 20H), 
0.88 (t, 6H), 0.67 (m, 4H); 13C NMR (300 MHz, ppm, in CDCl3): ?150.61, 141.07, 
126.90, 126.61, 122.75, 119.56, 54.94, 40.33, 31.73, 29.99, 29.15, 23.68, 22.53, 
13.98.  
 
9,9-Didecylfluorene Yield: 72%; b.p.: 172~174 ºC/0.4 mmHg; 1H NMR (300 MHz, 
ppm, in CDCl3): ?7.70 (d, 2H), 7.31 (m, 6H); 1.94 (m, 4H), 1.35~1.00 (m, 28H), 
0.87 (t, 6H), 0.63 (m, 4H); 13C NMR (300 MHz, ppm, in CDCl3): ?150.58, 141.01, 
126.86, 126.55, 122.74, 119.50, 54.90, 40.27, 31.76, 29.94, 29.44, 29.41, 29.15, 




9-Methylfluorene4 To a solution of 1.0 g (6.0 mmol) of fluorene in THF (20 mL) 
under nitrogen at –78 ºC, 3.1 mL (6.2 mmol) of n-butyllithium (2.0 M in cyclohexane) 
was added dropwise. The color of the solution gradually changed from light yellow to 
red. The mixture was stirred at –78 ºC for 1 h, and 0.4 mL of iodomethane (6.4 mmol) 
in THF (5 mL) was added dropwise to the mixture. The mixture was allowed to warm 
to room temperature and was stirred for 3 h. The mixture was poured into water and 
extracted with ether. The organic extracts were washed with brine and dried over 
anhydrous magnesium sulfate. The solvent was removed under reduced pressure. 
Distillation under vacuum yielded a slightly yellowish solid (0.8 g). Yield: 75%; m.p.: 
41.5~42.0 ºC; b.p.: 98~100 ºC/0.4 mmHg; 1H NMR (300 MHz, ppm, in CDCl3): ?
7.77 (d, 2H), 7.53 (d, 2H); 7.35(m, 4H), 3.96(q, 1H), 1.55 (d, 3H); 13C NMR (300 
MHz, ppm, in CDCl3): ?148.90, 140.43, 127.04, 126.83, 123.90, 119.74, 42.34, 
18.06. 
 
9-Methyl-9-(4-bromobutyl)-fluorene4 To a solution of 1.0 g (5.5 mmol) of 9-
methylfluorene in THF (20 mL) under nitrogen at –78 ºC, 2.9 mL (5.8 mmol) of n-
butyllithium (2.0 M in cyclohexane) was added dropwise. The color of the solution 
gradually changed from light yellow to red. The mixture was stirred at –78 ºC for 1 h, 
and 1.5 g of 1,4-dibromobutane (7.0 mmol) in THF (10 mL) was added dropwise to 
the mixture. The mixture was allowed to warm to room temperature and was stirred 
for 3 h. The mixture was poured into water and extracted with ether. The organic 
extracts were washed with brine and dried over magnesium sulfate. The solvent was 
removed under reduced pressure. The product was purified by silicon gel column 
chromatography and eluted by hexane to afford 1.2 g of white needle crystal. Yield: 
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68%; m.p.: 49.0~49.5 ºC; 1H NMR (300 MHz, ppm, in CDCl3): ??7.71 (d, 2H), 7.33 
(m, 6H), 3.16(t, 2H), 1.98 (t, 2H), 1.63 (t, 2H), 1.48 (s, 3H), 0.78 (m, 2H); 13C NMR 
(300 MHz, ppm, in CDCl3): ??151.48, 140.04, 127.22, 126.93, 122.56, 119.82, 
50.42, 39.59, 33.06, 33.02, 26.61, 23.04. 
 
9-Methyl-9-(4-hydroxylbutyl)-fluorene5 1 g (3.2 mmol) of 9-methyl-9-(4-
bromobutyl)-fluorene obtained was dissolved into 100 mL of acetone and added 
dropwise into a solution of 2.2 g (12.8 mmol) of silver nitrate in 100 mL of 50% 
aqueous acetone at 50 ºC. The mixture was stirred at 50 ºC overnight, dilute with 100 
mL water, and extracted with ether. The ether extracts were washed twice with 100 
mL of water, dried over anhydrous magnesium sulfate, and stripped of solvent. The 
product was purified by silicon gel column chromatography and eluted by hexane to 
afford 0.3 g of slight yellowish liquid. Yield: 37%; 1H NMR (300 MHz, ppm, in 
CDCl3): ??7.71 (d, 2H), 7.34 (m, 6H), 4.19(t, 2H), 1.99 (t, 2H), 1.49 (m, 2H), 1.27 
(s, 3H), 0.89 (m, 2H); 13C NMR (300 MHz, ppm, in CDCl3): ??151.26, 140.06, 
127.21, 126.98, 122.51, 119.87, 50.42, 40.05, 26.79, 26.65, 20.51, 14.01. 
 
5.3.2 Preparation of homopolymers and copolymers 
 
General procedure for the synthesis of poly(9,9-dialkylfluorene) using FeCl3 
oxidation method2,3 Monomer 9,9-dialkylfluorene (6.0 mmol) was dissolved in 
CHCl3 (120 mL) in a round flask equipped with a stirring bar and a nitrogen inlet 
followed by an addition of FeCl3  (3.9 g, 24 mmol) in CHCl3 (60 mL). The mixture 
was stirred in an ice-water bath for 4 h and then at room temperature for 72 h. The 
reaction was terminated by pouring it into methanol. The precipitated solid was 
separated by filtration and washed with methanol. The crude product obtained was 
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subjected to Soxhelt extraction with methanol for 24 h and then acetone for 24 h in 
turn. Thereafter, the as-synthesized polymer was dedoped by stirring in a solution of 
hydrazine hydrate (15 mL) in water (15 mL) for 20 h, washed thoroughly with 
methanol and dried at room temperature under vacuum overnight. A light yellow 
powder was ultimately obtained. The obtained polymers were soluble in conventional 
solvents (chloroform, dichloromethane, hexane and tetrahydrofuran) at room 
temperature and were able to be processed to films by a spinning cast method. 
 
Poly[9,9-dihexylfluorene] (PDHF) Yield: 68%; 1H NMR (300 MHz, ppm, in 
CDCl3): ??7.95~7.35 (m, 6H), 2.11 (br, 4H), 1.13 (br, 12H), 0.80 (br, 10H); 13C 
NMR (300 MHz, ppm, in CDCl3): ??151.71, 140.5, 139.93, 126.07, 121.44, 119.86, 
55.23, 40.26, 31.36, 29.57, 23.76, 22.45, 13.90; Anal. Calcd for {C25H34}: C, 89.8; H, 
10.2. Found: C, 88.9; H, 9.3. 
 
Poly[9,9-dioctylfluorene] (PDOF) Yield: 65%; 1H NMR (300 MHz, ppm, in 
CDCl3): ??7.92~7.28 (m, 6H), 2.11 (br, 4H), 1.14 (br, 20H), 0.82 (br, 10H); 13C 
NMR (300 MHz, ppm, in CDCl3): ??151.70, 140.39, 139.90, 126.05, 121.40, 
119.84, 55.33, 40.27, 31.68, 29.93, 29.11, 23.82, 22.47, 13.94; Anal. Calcd for 
{C29H42}: C, 89.2; H, 10.8. Found: C, 87.9; H, 10.7. 
 
Poly[9,9-didecylfluorene] (PDDF) Yield: 58%; 1H NMR (300 MHz, ppm, in 
CDCl3): ??7.95~7.28 (m, 6H), 2.11 (br, 4H), 1.17 (br, 28H), 0.85 (br, 10H); 13C 
NMR (300 MHz, ppm, in CDCl3): ??151.94, 140.39, 139.58, 126.05, 121.41, 
119.85, 55.25, 40.27, 31.78, 29.93, 29.45, 29.35, 29.19, 23.86, 22.55, 13.98; Anal. 




General procedure for the synthesis of poly{[9,9-dialkylfluorene]-co[9-methyl-9-
(4-hydroxylbutyl)-fluorene]} using FeCl3 oxidation method2,3 Comonomers 9,9-
dialkylfluorene (4.8 mmol) and 9-methyl-9-(4-hydroxylbutyl)-fluorene (1.2 mmol) 
were dissolved in CHCl3 (120 mL) in a round flaks equipped with a stirring bar and a 
nitrogen inlet followed by an addition of FeCl3 (3.9 g, 24 mmol) in CHCl3 (60 mL). 
The mixture was stirred in an ice-water bath for 4 h and then at room temperature for 
72 h. The reaction was terminated by pouring it into methanol. The precipitated solid 
was seperated by filtration and washed with methanol. The crude product obtained 
was subjected to soxhelt extraction with methanol for 24 h and then acetone for 24 h 
in turn. Thereafter, the as-synthesized polymer was dedoped by stirring in a solution 
of hydrazine hydrate (15 mL) in water (15 mL) for 20 h, washed thoroughly with 
methanol and dried at room temperature under vacuum overnight. A light yellow 
powder was ultimately obtained. The obtained polymers were soluble in conventional 
solvents (chloroform, dichloromethane, hexane and tetrahydrofuran) at room 
temperature and were able to be processed to films by a spinning cast method. 
 
Poly{[9,9-dihexylfluorene]-co[9-methyl-9-(4-hydroxylbutyl)-fluorene]} 
(PDHMHF) Yield: 48%; 1H NMR (300 MHz, ppm, in CDCl3): ??7.93~7.32 (m), 
3.48 (br), 2.12 (br), 1.25(br), 1.13 (br), 0.79 (br); 13C NMR (300 MHz, ppm, in 
CDCl3): ??151.71, 140.46, 139.93, 126.06, 121.43, 119.86, 55.23, 55.07, 40.24, 
31.36, 29.58, 23.75, 22.43, 13.90. 
 
Poly{[9,9-dioctylfluorene]-co[9-methyl-9-(4-hydroxylbutyl)-fluorene]} 
(PDOMHF) Yield: 43%; 1H NMR (300 MHz, ppm, in CDCl3): ??7.903~7.38 (m), 
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3.73 (br), 2.12 (br), 1.70 (br), 1.25(br), 1.14 (br), 0.82 (br); 13C NMR (300 MHz, ppm, 
in CDCl3): ??151.73, 140.40, 139.98, 126.06, 121.41, 119.85, 55.23, 55.07, 40.27, 
31.68, 30.03, 29.68, 23.81, 22.49, 13.94. 
 
Poly{[9,9-didecylfluorene]-co[9-methyl-9-(4-hydroxylbutyl)-fluorene]} 
(PDDMHF) Yield: 40%; 1H NMR (300 MHz, ppm, in CDCl3): ??7.93~7.25 (m), 
3.53 (br), 2.10 (br), 1.55 (br), 1.14 (br), 0.84 (br); 13C NMR (300 MHz, ppm, in 
CDCl3): ??151.73, 140.42, 139.94, 126.06, 121.42, 119.86, 55.23, 55.12, 40.28, 
31.78, 29.98, 29.48, 29.46, 29.19, 23.86, 22.55, 13.98. 
 
5.3.3 Preparation of copolymer/SiO2 nanocomposits6-10 
 
The sol-gel technique was utilized to incorporate SiO2 with the copolymers to form 
nanocomposite materials. HCl was used as a catalyst. A representative preparation 
was as follow: 0.2 g of TEOS was added to a copolymer (0.2 g) solution in THF (5 
mL) and thoroughly mixed until a homogeneous solution was formed. Then 0.01 mL 
of aqueous HCl solution (1 N) was added under rapid stirring. The solution was kept 
stirring for 10 min and then spun cast onto quartz glass to get a film. The film was 
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